Abstract: We propose a downlink transmission timing shift in the centralized radio access network architecture that advances the downlink transmission timing in order to improve the frame efficiency for time-division duplex radio access network with the optical transmission line. We evaluate the frame efficiency of the proposed downlink transmission timing shift with numerical simulation.
Introduction
For future radio access in the 2020s, significant gains in capacity and the quality of the user experience are required in view of the anticipated exponential increase in the volume of mobile traffic [1] . To this end, the centralized radio access network (C-RAN) architecture with dense deployment of small cells is considered to be a promising approach. In the C-RAN architecture, the base station is functionally partitioned into a baseband unit (BBU) that processes the baseband signal and a remote antenna unit (RAU) that transmits and receives the RF signal. The RAU is generally connected to the BBU with an optical transmission line, which is the socalled 'fronthaul' [2] . This architecture allows tight coordination among RAUs. Therefore, the system throughput is expected to be enhanced by employing such as coordinated multipoint (CoMP) transmission/reception and enhanced intercell interference coordination (eICIC) as discussed in the Third Generation Partnership Project (3GPP) for the specification of Release 10 LTE, i.e., LTE-Advanced (LTE-A).
With regard to the duplex arrangement, LTE supports both frequency-and timedivision duplex (FDD/TDD). As is well known, TDD can operate in unpaired spectrum while FDD requires paired spectrum. However, in the case of TDD, a guard time should be provided between the downlink and uplink transmissions mainly to avoid interference caused by simultaneous transmission in the downlink and uplink. In the LTE specification, the guard time is provided by a special subframe comprising a downlink pilot time slot (DwPTS), guard period (GP), and uplink pilot time slot (UpPTS). Since a longer GP is required when operating in a large cell, several configurations for the special subframe in terms of the length of the DwPTS, GP, and UpPTS are specified in LTE, to support flexibly various cell sizes [3] . A shorter GP with longer lengths for the DwPTS and UpPTS leads to a better frame efficiency, since the DwPTS can be treated as a normal downlink subframe and the UpPTS can be used for channel sounding or random access [4] . However, in the case of TDD with the C-RAN architecture, since the total propagation delay comprises the optical transmission delay and the wireless propagation delay, a configuration with a long GP has to be set at the sacrifice of frame efficiency, when the optical fiber length of the fronthaul is quite long. On the other hand, the wireless propagation delay between the RAU and a set of user equipment (UE) hardly contributes to the design of the GP when assuming a small cell environment with the cell size of several tens of meters. Therefore, the design of the GP is mainly dependent on the optical transmission delay in the case of TDD with the C-RAN architecture.
In this paper, in order to enhance the frame efficiency, we propose a method for mitigating the effect of the optical transmission delay by advancing the downlink transmission timing in the fronthaul. We investigate the frame efficiency of TDD in the C-RAN architecture based on numerical calculations.
Downlink transmission timing shift
We assume C-RAN fronthaul architecture in this paper [5] . A BBU communicates with a UE through a RAU. The fronthaul between the BBU and RAU is connected with an optical fiber. The conventional TDD timing relationship is shown in Fig. 1(a) . As shown in the figure, the total propagation delay equals the sum of the optical transmission delay, Át OPT , and the wireless propagation delay, Át RF . It should be noted here that the hardware processing time in the fronthaul is also included in Át OPT . If the total propagation delay including the downlink and uplink transmissions is greater than the guard period, Át GP , the uplink subframe interferes with the downlink subframe between the RAU and UE. Therefore, the GP should be subject to the following inequality.
Consequently, when Át OPT is large, the special subframe must set a longer GP which leads to low frame efficiency. On the other hand, Fig. 1(b) shows the TDD timing relationship for the proposed downlink transmission timing shift. The BBU advances the timing of the downlink by tolerating a time overlap between the end of the uplink subframe and the beginning of the downlink subframe in the fronthaul. Since the supposed fronthaul transmits the up-and downlink subframes using different wavelengths in an optical fiber, simultaneous transmission in the downlink and uplink does not cause any interference, which is different from the case of a wireless link. More specifically, by advancing the downlink transmission timing of Át shift , the guard period to avoid interference in the wireless link can be decreased as follows.
As a result, since a longer DwPTS and UpPTS can be used, the special subframe configuration with better frame efficiency can be applied. It should be noted that, if Át shift becomes excessively large, the end of the uplink subframe interferes with the beginning of the downlink subframe at the RAU in the wireless link as shown in Fig. 1(c) . Therefore, the range of Át shift can be expressed as follows.
If Át shift is set as the maximum value (2Át OPT ), the length of guard period can be reduced to 2Át RF from Eq. (2). In this case, the effect in terms of delay caused by optical transmission line can be fully removed.
Numerical simulation
The simulation parameters are summarized in Table I (a). We assume the coverage area of the small cell with the radius of 50 meter, while the length between the BBU and the RAU is assumed to be over several kilometers. As a result, the optical transmission delay between the BBU and the RAU becomes dominant among the total propagation delay between the BBU and UE. Based on the total propagation delay, the GP is chosen from the special subframe configuration from Table I (b), so that the length of GP might exceed the total propagation delay. Equivalently, if the length of GP is determined, the allowable optical transmission length can be obtained.
Results and discussions
The allowable optical transmission length and the frame efficiency are plotted in Fig. 2(a) as a function of the length of the GP. The frame efficiency is defined as
where T frame is the frame length of 10 ms. As shown in Table I (b) and Fig. 2(a) , if the special subframe configuration #8 is applied, the length of the GP becomes 71.4 µs and the optical transmission length should be less than about 5 km in order to avoid uplink and downlink interference. In this subframe configuration, since the length of GP is the smallest in Table I (b), the highest frame efficiency of about 98% can be utilized. Meanwhile, when a longer GP is applied, the allowable optical transmission length can be increased, but the frame efficiency is degraded if the downlink transmission timing shift is not used. On the other hand, by using the downlink transmission timing shift with a setting of Át shift ¼ 2Át OPT , the length of the GP can be set as the minimum value irrespective of the optical transmission length. Therefore, the highest frame efficiency can be maintained regardless of the optical transmission length. Fig. 2(c) shows the cumulative distribution function (CDF) of the required GP that is normalized by the minimum length of GP, T GP (71.4 µs), when assuming randomly-located RAUs with the three types of the C-RAN coverage areas (10, 20, 30 km) as shown in Fig. 2(b) . In the conventional method in which the downlink transmission timing shift is not applied, when the coverage area is 10 km, about half of the RAUs close to BBU require 1 T GP for avoiding uplink and downlink interference, while the rest of the RAUs require 2 T GP . Furthermore, when the coverage area is 20 km, only about 10% of RAUs can be supported by 1 T GP , whereas about 50% of RAUs require more than 2 T GP . Thereby, the conventional method requires longer GP with an increase in the C-RAN coverage area, as also seen in Fig. 2(a) . On the other hand, the proposed method requires only 1 T GP , regardless of the size of coverage area. Therefore, the proposed method can provide higher frame efficiency compared to the conventional method, especially in the larger size of coverage area.
Conclusion
We proposed a downlink transmission timing shift in the fronthaul for TDD radio access networks with the C-RAN architecture, in order to mitigate the effect of the optical transmission delay and improve the frame efficiency. It is elucidated also from the simulation results that the highest frame efficiency can be retained in the proposed method regardless of the optical transmission length, while the frame efficiency of the conventional method is compelled to be degraded in order to avoid uplink and downlink interference, particularly when the optical transmission length is increased. In addition, the superiority of the proposed method is also verified in the randomly-located RAUs scenario with the several sizes of the C-RAN coverage areas.
